Recently it was found [1-3] that a magnetized plasma can be made transparent to a righthand polarized cyclotron frequency resonant wave in the presence of a strong pump or a helical magnetic wiggler. Theory predicts and simulations verify that the group velocity of the probe is slow, and the phase velocity of the longitudinal wave controllable. These properties of the system suggest the possibility of its being used as an advanced accelerator of heavy particles. We present the theory and simulations of transparency and a preliminary study of its application as an accelerator.
INTRODUCTION
Recently it was theoretically found that a magnetized plasma can be made transparent to a right-hand polarized wave (probe) at the cyclotron frequency in the presence of strong pump wave which is detuned by the plasma frequency [1] [2] [3] . This is a classical analogy of the quantum electromagnetically induced transparency (EIT) [4, 5] . The basic idea is to cancel the resonant response of electrons to the probe by the sideband of pump induced by electron's ponderomotive motion. The same transparency can be induced by a static helical magnetically wiggler, where the wiggler replaces the dynamic magnetic field of the pump.
The wiggler-plasma system has numerous properties desirable for an heavy particle accelerator. The phase velocity of the longitudinal wave is slow, which makes it easier to trap non-relativistic heavy particles. Furthermore, the phase velocity is readily controlled by adjusting the wiggler wavelength. Figure 1 shows a schematics of the system. The plasma is magnetized by an axial magnetic field B c . A right-hand polarized probe and pump are launched together, where the probe frequency is in cyclotron resonance and the pump frequency is down-shifted from the cyclotron resonance by the plasma frequency. When there is no pump, a large transverse current is resonantly excited and the probe is absorbed in the plasma. In the presence of the pump, electrons move longitudinally in the ponderomotive beat potential of the two waves, which varies as e
THEORY AND SIMULATION
i∆kz , where ∆ω (∆k) is beat frequency (wavenumber) between the pump and the probe. The pump electric field as seen by ζ , z 0 represents the initial position of the electron, and ζ is its longitudinal displacement. The second term couples the longitudinal motion and the transverse field, thereby inducing sidebands at frequencies ω 0 ∆ω. A critical aspect of induced transparency in plasma is that the electron perpendicular motion due to the probe electric field is canceled by the response to the upper sideband (which is at the probe frequency). Details of mathematical expansion can be found elsewhere [2, 3] , where it is shown that phase of the sideband field is automatically matched to cancel the probe field.
Transparency is demonstrated in Fig. 2 1 2 0 2Ω c . The cyclotron frequency (Ω c ) is 1.8 10 11 Hz. We measured the propagation of the wave envelope and the longitudinal wave inside the plasma slab. The oscillation pattern of the envelope is simply the beat of the pump and probe. At earlier times, in Fig. 2 (a) , there is no beat on the right side of the plasma. This implies that the probe has not been transmitted. As the longitudinal wave is excited in the whole region of the plasma ( Fig. 2 (d) ), transparency of the probe is observed ( Fig.  2 (c) ).
The pump wave can be replaced by a helical magnetic wiggler with wavelength λ w . In this case, the wiggler corresponds to a pump with zero frequency and wavenumber of k w 2π λ w . Therefore the matching condition for frequencies should be ω p where β
and Ω w eB w mc. A discussion of the polarization of the electron motion can be found in Ref. [3] . The eikonal term was approximated as e ik 1
and nonlinear terms in a 1 and ζ were ignored. Substituting Eq. (1) into Eq. (2) yields the steady-state solution for transverse motion:
It is important to note that a finite solution can exist at resonance (ω 1 Ω c ) when
Equation (4) 
The driving terms on the RHS of Eq. Transparency Plasma FIGURE 3. Simulation of transparency in a system where the pump electromagnetic wave is replaced by a wiggler field. The labels 1, 2, 3 refer to different times. Note that the pulse is compressed in the plasma.
Eliminatingζ from Eq. (3) and Eq. (6), the e iθ 1 -component of β ¥ is calculated as 
Here only weak detuning (δ Ω
1) is considered and O §
δ Ω 3 © were ignored. Figure 3 is a simulation of probe transparency in the wiggler system. Since there is a large difference in the phase and group velocities, the pulse shape is distorted as it passes through the plasma. may become close to resonance or to a higher harmonic, in which case the theory should be modified to include the new term (this is currently under study).
INITIAL ACCELERATOR SIMULATIONS
One of the remarkable characteristics of the wiggler-plasma system is that the phase velocity of the longitudinal wave is readily controllable. This is possible since the longitudinal electron motion described by Eq. (1) gives a phase velocity v φ
The amplitude of the longitudinal wave does not depend on k w . Therefore it is possible to control v φ keeping the wave level fixed just by changing the wiggler wavelength. Since the wave level depends on ω 1 , it is not a good parameter for controlling the phase velocity. The readily controllable phase velocity is a desirable property for an ion accelerator. Usually the ions or other heavy particles have low velocity, which requires low phase velocity for particle trapping. retically there is no limit in lowering down the phase velocity by decreasing the wiggler wavelength.
Spatial variation of the phase velocity is also possible by tapering the wiggler. This is very useful since it compensates for the drawback of using low phase velocity. The wavelength of the longitudinal wave should become shorter so as to make v φ smaller (for a given frequency), but the particles accelerated on the short wavelength are prone to quick dephasing. The synchronism is maintained between the accelerating wave and the particles if the phase velocity increases as the particles are accelerated. Figure 6 is longitudinal electric field when a tapered wiggler was used. It is clearly seen that the wavelength becomes larger along the propagating direction. 
